Porous materials are effective for the isolation of sound with medium to high frequencies, while periodic structures are promising for low to medium frequencies. In the present work, we study the sound insulation of a periodically rib-stiffened double-panel with porous lining to reveal the effect of combining the two characters above. The theoretical development of the periodic composite structure, which is based on the space harmonic series and Biot theory, is included. The system equations are subsequently solved numerically by employing a precondition method with a truncation procedure. This theoretical and numerical framework is validated with results from both theoretical and finite element methods. The parameter study indicates that the presence of ribs can lower the overall sound insulation, although a direct transfer path is absent. Despite the unexpected model results, the method proposed here, which combines poroelastic modeling and periodic structures semi-analytically, can be promising in broadband sound modulation.
is the space harmonic series (SHS) introduced by Mead and Pujara [21] . It is widely used, when periodic ribs [22] , structure links [8] or resilient mountings [13] are present in the double-panel structure. The drawback of SHS was reported by Legault [23] . The Fourier transform method (FTM) [24] is also useful for these periodic problems. Multipanel structures, with absorption fillings [25] (or not) [2, 26] , were studied using the FTM. In fact, as reported by Mace [24] , the same nature is shared between the FTM and SHS. Another useful method for these structures is the modal approach. Ribbed structures with simply supported condition, regarding their vibration [27] , structural intensity [28] , and modal characteristics [29] , were studied using the modal approach with the appropriate orthonormal modal functions. Although applications in the double panel [15, 30] can be found, however, relevant orthonormal modal functions for porous media are not available currently.
Despite fruitful research reported on multipanel structures, studies regarding the combination of periodic structures with porous materials are scarce.
Furthermore, in previous works, rather than the Biot theory, the EFM was used [8, 13, 25] instead. In the present work, we study the sound insulation of a periodically rib-stiffened double panel with porous lining, to combine periodic structures and poroelastic materials. The periodic response are formulated in the SHS; meanwhile, based on the work of Bolton [18] and Zhou [19] , the periodic poroelastic field is obtained in the closed form using the Biot theory. A semi-analytical vibroacoustic model for the periodic composite structure can subsequently be established. It is solved by adopting the preconditioning method by Hull [31] with a truncation procedure. The novelty here is that the closed-form periodic poroelastic field, which is obtained for the first time, can be used to solve poroelastic problems with periodic boundary conditions semi-analytically.
In Section 2, detailed model configurations are presented. The bondedbonded case is described as an example and the solution procedures are outlined.
Subsequently, the validation and parameter analyses are provided in Section 3; Section 4 ends with the conclusions. 
Modeling procedures for the periodic composite structure
The periodic composite structure is composed of a rib-stiffened double panel with porous lining, as shown in Fig.1 ; it is immersed in an inviscid stationary acoustic fluid. An incident wave Φ i = e jωt−jkr transmits through the structure, k = (k x , k y , k z ) is the incident wave vector, r = (x, y, z), j = √ −1. According to Fig.1 , k x = k i cosϕ 1 cosθ 1 , k y = k i cosϕ 1 sinθ 1 , k z = k i sinϕ 1 ; here, k i is the incident wavenumber, ϕ 1 and θ 1 are the incident elevation angle and azimuth angle, respectively. The time-dependent term e jωt is omitted henceforth as the incident wave is time harmonic [8, 32] . The space occupied by the acoustic fluid on both sides is assumed to be semi-infinite and lossless; the density and sound velocity are designated as ρ i ,c i and ρ t ,c t for the incident and transmitted sides, respectively.
The ribs are periodically placed along x at a spacing l x , and extend infinitely along y; the thickness and height are t x and h x , respectively (as shown in Fig.1 ).
The longitudinal deformation of ribs is ignored as the y dimension is infinite.
Velocity potentials in acoustic media
As periodic cavities between the ribs are formed, SHS is used [22] to express the velocity potential Φ 1 of the incident side
where
is the wave vector; R m is the unknown amplitude of reflected wave harmonics; k
The velocity potential of the transmitted side can be expressed as 
The corresponding sound pressure p and acoustic particle velocity v can be obtained by p = ρ ∂Φ ∂t , v = −∇Φ, once the velocity potential Φ is determined.
In-plane and transverse vibration of face panels
The two face panels are considered as isotropic thin plates. Their thicknesses, and displacements along x, y, and z are denoted as h i , u i , v i , w i , respectively;
here, i = 1, 2 correspond to the incident and transmitted side panel. When the in-plane force and moment are present, the vibration equations are [34] 
are the in-plane vibration and transverse vibration operators, respectively; f z , f x are the external forces along z and x, respectively; the in-plane moment m = M x i x + M y i y , i x , and i y are unit vectors along x and y, respectively; ρ is the density, h is the thickness, D p is the in-plane stiffness, G is the shear modulus, and D is the bending stiffness. The panel displacement
Here, k 
Flexural vibration and rotation of ribs
The flexural vibration of the ribs is modeled by the Bernoulli-Euler model and Timoshenko model in this study; a comparison between them is performed. 
where G is the shear modulus, κ is the shear correction factor.
The rotation is determined by [36] 
where I p is the polar moment of inertia, m y is the external moment; θ y = ∂w 2 /∂x is the clockwise angle of rotation about the rib-panel interface. Here, w 2 is the panel displacement.
Subsequently, the forces exerted on the transmitted side plate can be obtained using the equations above and the displacement continuity condition.
The results are
here
depending on the beam model.
The resultant force exerted by the periodic ribs can subsequently be written as
Here, n ∈ [−∞, ∞]. It then becomes
utilizing Eq.(7) and the Poisson summation formula [32] n=−∞,∞
A double summation is present, which renders the problem complicated and
cumbersome. An index separation identity is utilized to eliminate it subsequently.
Poroelastic field with periodic boundary conditions
In poroelastic problems, the appropriate porous modeling technique is not available when periodic boundary conditions are present. In this study, the field variables are assumed to consist of six groups of harmonics according to their wavenumbers, while only six components were considered formerly [18, 19] . The poroelastic field is subsequently obtained in terms of the harmonic coefficients, which can be solved with the proper boundary conditions. The porous material in this study is assumed to be isotropic with homogeneous cylindrical pores to obtain an elegant formulation.
The poroelastic equations expressed by solid and fluid displacements u s , u f , respectively, are [37, 18] −ω 2 ρ *
where ρ *
f /φσ; ρ f is the density of ambient fluid; φ is the porosity; ρ 1 = ρ s and ρ 2 = φρ f are the bulk solid and fluid densities; is the tortuosity; σ is the flow resistivity; auxiliary function
, and J 0 (x) are Bessel functions of the first kind, first and zero order,
is the shear modulus; the coupling parameter
is the bulk modulus of the fluid in the pores, c f is the sound velocity of the fluid in pores, γ is the ratio of specific heats and auxiliary variable λ 2 = λ c √ −jN Pr , and N Pr is the Prandtl number in the pores.
The poroelastic equations of Eqs. (12)- (13) can be reduced to two wave equations [18, 19] (a fourth-order equation and a second-order equation) when two scalar potentials ϕ s = ∇ · u s , ϕ f = ∇ · u f and two vector potentials
f are introduced; these potentials are the dilatational and rotational strains of the corresponding phases [37, 18] . The wavenumbers corresponding to the wave equations are
Here, the auxiliary term (12)- (13), the fluid phase strain
Using the definition of potentials and substituting Eqs. (15)- (18) into Eqs. (12) 
the matrix e m is a 6 × 6 diagonal matrix. The elements of the coefficient matrix Y m are given in Appendix A. The forces in the porous media are [9, 37] σ ij = 2N e ij + (Ae
where σ ij and s are the forces in the solid and fluid phase, δ ij is the Kronecker delta, e ij is the normal (i = j) or shear (i = j) strain
Boundary conditions
The boundary condition notation of Bolton [18] is used; the connection type can be bonded-bonded (BB), bonded-unbonded (BU), and unbondedunbonded (UU). The related boundary conditions are not presented herein, as they can be found in Bolton [18] , Zhou [19] and Liu [20] , etc. It is noteworthy that a right-handed coordinate system is used by Liu and herein, while Bolton and Zhou used the left-handed one. The detailed expressions are identical for the 2D case; however, in the 3D case, some modifications should be performed between the two coordinate systems.
System equations and solution procedures
The BB case is used as an example to demonstrate the solution procedure.
The related boundary conditions are
where F z is the resultant force exerted by the ribs in Eq. (10); (i)-(xiv) are applied on the domain interfaces or panel middle surfaces [18, 19] .
To eliminate the summation index used, the orthogonal property below
and a double summation identity
are used. The derivation of Eq. (27) is given in Appendix B.
Substitute Eqs. (1), (2), (6), (10), (19), (22) and (23) into (25), and utilize
Eqs. (26)- (27), Eq. (25) becomes
Here, 0 is a zero 14×1 vector; all the elements of the corresponding matrices and vectors in Eq.(28) are given in Appendix C. Equation (28) should be solved for every integer m, n ∈ [−∞, +∞], and is thus a matrix system of infinite dimension.
The Eq. (28) is rearranged using a procedure analogous to Hull [31] to obtain a solution. The first step is to rearrange x m intõ
Subsequently, the matrix A m can be rearranged to a block diagonal matrix
Here, the blank elements ofÃ are all zero; the matrix B n can be rearranged to a full block matrixB
where the blank elements ofB are in the same pattern as shown in Eq. (31); the vector p can be rearranged tõ
Here, 0 T is a zero 1 × 14 vector. Subsequently, Eq. (28) can be written as
Equation ( .
The sound field here can be regarded as the sum of all harmonics. Thus, the transmission coefficient τ is [8] 
Here, Re(·) is the real operator of a complex variable.
The random STL can subsequently be expressed as [19] STL = 10 log(1/τ ),τ = 2π 0
Here, ϕ min is the minimum elevation angle.
Results and discussions
This part begins with a discussion of the convergence characteristics; subsequently, the validation is conducted. Several parameter analyses are performed finally. The rectangular ribs (aluminum) and porous parameters given in [18, 19, 20] are used. The detailed values are listed in Table 1 subdivisions, respectively.
Discussion of the convergence characteristics
A truncation procedure is required to solve the infinite matrix equation
Eq. (33) . We set the convergence criteria as ∆STL = 0.1 dB under the maximum computation frequency (f =10kHz); that is, when the change in STL by one additionalm item is less than ∆STL, it is considered as converged. A typical convergence curve of the three boundary conditions is given in Fig.2 . Different marks (the circle, square, and hexagram for the BB, BU, and UU cases, respectively) herein show the convergence points in the given figure.
The truncation item numberm required for different parameter cases are shown in Fig.3 . As shown,m is dependent on both the boundary conditions and parameter values. A related study concerningm is in progress; however, no conclusion can be drawn currently. Therefore, one needs to determinem in every numerical case when the proposed method is used. This is the primary drawback of the proposed method.
Model Validation
The poroelastic field expressions are validated using the theoretical results of the unribbed double-panel structure with porous lining (corresponds toB as a zero matrix and l x tends to infinity) by Bolton [18] (2D), Zhou [19] (3D) and Liu [20] (3D). The rib-stiffened configurations are validated with the FEM Table 1 Parameters in the periodic composite structure: air gap thickness ha = 14 mm for the BU case; h a1 = 2mm, h a2 = 6 mm for the incident and transmitted sides in the UU case, respectively; the characteristic thicknesses are d = hp, (hp + ha), and (hp + h a1 + h a2 ) for the BB, BU, and UU cases, respectively; the gap properties ρg = ρ i , cg = c i and the transmitted side media properties ρt = ρ i , ct = c i 
Oblique incident STL validation with the FEM results
Several oblique incident cases are compared, as the random STL is clearly The results are given in Figs.7-9 for the BB, BU, and UU cases, respectively.
The overall consistency and critical local differences with the FEM results are both satisfactory. In all oblique incidence cases, on average, the STL differences are less than 2 dB (absolute value), while the relative differences are all no more than 10% of the FEM results except for a few asynchronous extrema. This is 
another evidence of the feasibility of the proposed method herein.
The time used in the 3D oblique incidence calculations are listed in Table 2 .
The efficiency is pronounced, while the FEM is expensive owing to the refined model required by a large size change. However, the drawback should be noted, as the convergence verification can consume up to 69.76%, 73.34% and 75.45% of the total calculation time on average; for the 3D random incidence cases (the following parameter analyses), more than 80% of the total calculation time could be used; therefore, an improvement is required. A related study is in progress. is shown in Fig.11 . Owing to the consistency of the two beam models, the Bernoulli-Euler beam model is preferable. It is used in the following. decrease emerges and can be larger than 5 dB when the frequency exceeds 1454
Hz (indicated in Fig.12 ). This is due to the emergence of the torsional mode of ribs (confirmed by the FEM results, as shown in Fig.13 ). Owing to the energy consumption by the torsional mode, the STL increases temporarily around the eigenfrequency and deteriorates when it is further from it. The torsion motion, with its influence on the STL, should not be neglected.
Influence of the rib spacing on the STL
The results when the rib spacing l x varies among l x /d = 20, 50, 150 versus the unribbed case are discussed. As the results of the BB case are analogous to the BU and UU cases, the details are provided in the supplementary material.
In all three cases, the STL is positively related to l x in general, while degradation occurs compared to the unribbed one. The overall trends are analogous to the unribbed results [18, 19, 20] . As l x decreases, more fluctuations emerge and the trough frequencies shift to the lower ones (indicated in Figs.14-15 ). In fact, to avoid the wave interference between the ribs, l x should be far greater than the coincidence wavelength λ p of the face panels, which is [35] 
Here, c 0 is the sound velocity of the adjacent medium, i = 1, 2 for the incident and transmitted side panels respectively; λ p = 36, 22 (mm), respectively. When l x is not sufficiently large, the interference can be complex and fluctuations emerge. The black arrow indicates the direction lx increases
In general, the STL is positively related to l x even while ribs lower to it are present, although a direct transfer path is absent. This is due to the increase in the flexural wave speed of the composite structure, i.e., the influence of stiffness increase is stronger than that of mass increase [39] when the ribs are present.
To obtain a better sound insulation performance, the ribs should be removed or l x should be increased at the least. Further investigations on the dispersion relation are required to present a quantitative conclusion.
Influence of area moment of inertia on the STL
To exclude the influence of mass change, the cross-section area of ribs A = t x h x is maintained constant; subsequently, the area moment of inertia I is inversely proportional to t x /h x . Therefore, the investigation is performed with In the BB case, as the structural connections are strong, the influence of I 
which is proportional to the group velocity in this study; thus, a better energy transmission and lower insulation are anticipated. In the higher frequency range, the STL curve is analogous to the unribbed case [18, 19] ; it is the superposition of the unribbed STL and the fluctuations caused by the ribs.
In general, the influence of I occurs in the low-frequency range, within which the STL is negatively related to I. To obtain a better sound insulation in the low-frequency range, a smaller area moment of inertia is preferred for similar structures.
Conclusions
We herein proposed a one-dimensional periodic composite structure: a periodically rib-stiffened double panel with porous lining, to investigate the effects of combining a periodic structure and poroelastic problem. This periodic poroelastic problem was studied in terms of its sound insulation using a semi-analytical model developed based on the Biot theory and SHS.
We found that the sound insulation was insensitive to the rib reinforcement model in these structures, while the torsional motion, the rib spacing, and the area moment of inertia were important; however, their influences were exhibited in different frequency ranges. The presence of periodic ribs was found to lower the overall sound insulation, although a direct transfer path was absent. This is because the flexural wave speed of the periodic composite structure is increased, and thus its sound insulation is not improved. Additional research should focus on the dispersion relation to quantitatively understand the combined effects.
The convergence efficiency is also important and requires further investigation.
Despite the unexpected results from the model, the method proposed for the periodic poroelastic problem, which is efficient with considerable accuracy, can be promising in broadband sound modulation.
Here, Inf can be chosen as a large number (e.g., Inf = 10 500 ), as at the normal incidence (α 
Subsequently, the double summation identity Eq. (27) 
